Abstract. In the present study, the antitumor effect of n-3 fatty acid was evaluated, and the effect of docosahexaenoic acid (DHA) on the induction of apoptosis and its underlying mechanism were examined. Flow cytometry and western blot analysis were performed to analyze apoptosis and the expression of protein factors in human breast cancer cells. The data revealed that DHA inhibited the viability of MCF-7 breast cancer cells in vitro, and promoted cell death by the induction of apoptosis. DHA decreased the expression of B-cell lymphoma 2 (Bcl-2), whereas the expression of Bcl-2-associated X protein was increased. DHA was also shown to promote the release of Smac/Diablo and cytochrome c from the mitochondria. DHA increased the levels of cleaved caspase-8, -9 and -3. Additionally, the protein expression of tumor necrosis factor-related apoptosis-inducing ligand, death receptor 4 and Fas were increased following DHA treatment. In conclusion, DHA caused apoptosis of the human breast cancer cells in vitro through the death receptor and mitochondria-mediated pathways. The results of this study encourage further investigation of the effect of fish oil on the prevention and treatment of human breast cancer.
Introduction
The n-3 and n-6 fatty acids (FAs) are essential and important to human health. However, there is a disproportionally high proportion of n-6 FAs and low proportion of n-3 FAs in our current dietary structure. This results in a high ratio of n-6/n-3, which is associated with cardiovascular disease, inflammation and cancer (1) (2) (3) . The n-3 FAs are long-chain polyunsaturated FAs. Eicosapentaenoic acid (EPA; 20:5n-3) and docosahexaenoic acid (DHA; 22:6n-3) are two important n-3 FAs. The primary dietary source of these is oily fish (4) . Investigations in human populations have revealed that a high consumption of fish or fish oils can decrease the risk of breast, prostate and colon cancer (5, 6) . Previous laboratory experiments have shown that n-3 FAs can inhibit the initiation and development of breast cancer in vivo (7, 8) , although others have failed to identify a significant association.
The n-3 FAs have a number of biological effects, and effects of n-3 FAs on cancer suppression have been suggested (9, 10) , with n-3 FAs affecting the apoptosis, proliferation, invasion and metastasis of cancer cells. There are several signaling pathways involved in the effects of n-3 FAs, including protein kinase C, extracellular signal-regulated kinase (ERK) 1/2, ras and nuclear factor (NF)-κB (11) (12) (13) (14) . However, the effect of n-3 FAs on the death receptor-mediated pathways and its molecular mechanisms remain to be fully elucidated.
In the present study, the antitumor effect of n-3 FAs was investigated, with a focus on the apoptosis-inducing effects of DHA on MCF-7 human breast cancer cells in culture. An improved understanding of the mechanism underlying the antitumor effects of n-3 FAs may assist in developing novel tumor treatment strategies involving the use of fish oil as a dietary supplement.
Materials and methods
Chemicals and reagents. DHA, EPA, linoleic acid (18:2n-6) and arachidonic acid (20:4n-6) in fetal bovine serum (FBS) were purchased from Sigma-Aldrich; Merck Millipore (Darmstadt, Germany). Anti-β-actin antibody and horseradish peroxidase (HRP)-conjugated anti-rabbit, anti-mouse and anti-goat IgG were obtained from Amersham; GE Healthcare Life Sciences (Chalfont, UK; 600567, RPN4301, RPN4201 and PA42002). Antibodies against cytochrome c and tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) were obtained from BD Pharmingen (Franklin Lake, NJ, USA; 558700 and 556468). (15) . The MCF-7 cells (1x10 4 cells per well) were seeded in triplicate on a 96-well plate and cultured overnight prior to treatment with 25, 50 and 100 µM DHA or EPA for 24 or 72 h. Following incubation, MTT dye was added and the mixture was incubated for 4 h at 37˚C. The supernatant was removed and 150 µl DMSO was added to each well to dissolve the crystals completely, following which an ELISA reader (Bio-Rad Laboratories, Inc., Hercules, CA, USA) was used to determine the absorbance at 490 nm. The results are expressed as the percentage of inhibition, which led to a reduction in absorbance by DHA, compared with that in the control group.
Analysis of apoptosis using flow cytometry. An Annexin V-FITC apoptosis detection kit was used for the analysis of apoptosis (Invitrogen; Thermo Fisher Scientific, Inc.). DHA concentrations of 25, 50 and 100 µM were used to treat the MCF-7 cells (1x10 6 cells/ml), respectively, for 48 h at 37˚C. The cells were digested in trypsin, washed twice with PBS and resuspended in 500 µl binding buffer. The cell suspensions were then treated with 5 µl of Annexin V-FITC and 5 µl propidium iodide (PI). Following treatment for 10 min at room temperature, the apoptosis of the cells were determined immediately using flow cytometry (BD Biosciences, Franklin Lakes, NJ, USA).
Analysis of proteins using western blot analysis. The MCF-7 cells were grown on 6-well plates (1x10 6 cells/ml), to which 25, 50 and 100 µM DHA were added and incubated for 48 h. The cells were lysed in 0.5 ml lysis buffer (PBS containing 1% Triton X-100 and 1 mM PMSF) at 4˚C for 10 min. The concentrations of protein were then measured using a BCA assay. For western blot analysis, cell lysates (5 µg) from the cancer cell culture were subjected to 12% SDS-PAGE, transferred to polyvinylidene difluoride membranes, and blocked with 5% nonfat milk in TBS-Tween buffer (TBST; 20-mM Tris-HCl, 120 mMNaCl, 0.1% Tween-20) for 1 has described previously (16) . Membranes were incubated with primary antibodies against cleaved caspase-3, -8 -9 (dilution, 1:500), Bcl-2, Bax, Fas, FasL (dilution, 1:1,000), Smac (dilution, 1:400), DR4 and DR5 (dilution, 1:200) at 4˚C overnight. Following 3 washes (5 min each) with TBST, the membranes were incubated with an appropriate secondary antibody for 2 h at room temperature. Membranes were washed 3 times (5 min each) with TBST, and protein expression was quantified using a Gel EDAS analysis system (Cold Spring USA Corporation, Cherry Hill, NJ, USA) and Gel-Pro Analyzer 3.1 software (Media Cybernetics, Inc., Rockville, MD, USA).
Statistical analysis. Statistical analyses were performed using one-way analysis of variance with SPSS 11.0 software (SPSS, Inc., Chicago, IL, USA). Comparison between groups was performed using Duncan's test. All data are presented as the mean ± standard deviation. P<0.05 was considered to indicate a statistically significant difference.
Results

Inhibitory effect of DHA on the growth of breast cancer cells.
The effect of DHA on the viability of MCF-7 cells was initially determined using an MTT assay. As shown in Fig. 1 , DHA treatment decreased the viability of the MCF-7 cells (P<0.05). Following treatment with 100 µM DHA for 72 h, the proliferation of the MCF-7 cells was inhibited by 45.5%.
DHA induces apoptosis of breast cancer cells.
The apoptosis of cells was estimated using flow cytometry. The apoptotic rates were higher in the DHA-treated cells, compared with that in the control (Fig. 2) . Following treatment with DHA (25, 50 and 100 µM) for 48 h, the proportions of early apoptotic MCF-7 cells were 26.7, 38.1 and 50.6%, respectively (P<0.05).
Effect of DHA on the expression of the Bcl-2 family proteins.
The increased expression of Bax is reported as an apoptosis-signaling pathway in breast cancer cells and proteins of the Bcl-2 family are important factors in apoptosis regulation (17) (18) (19) . In the present study, the expression levels of Bcl-2 and Bax were examined in MCF-7 cells following treatment with DHA. The expression of Bcl-2 was reduced and the expression of Bax was increased following DHA treatment. Therefore, the ratio of Bcl-2/Bax was decreased (Fig. 3) .
DHA increases the activation of caspases.
Caspases are central effectors in apoptosis. In order to identify the mechanisms responsible for DHA-induced apoptosis, the present study detected the levels of activated caspases using western blot analysis to identify the mechanism underlying the induction of apoptosis by DHA. Following treatment of the cells with DHA, the levels of cleavedcaspases-8, -9 and -3 were increased (Fig. 4) .
DHA induces the mitochondria to release cytochrome c
and Smac/Diablo. In apoptosis, mitochondria release cytosolic cytochrome c and Smac/Diablo, which then activate caspase-9 (20) . As DHA increased the activation of caspase-9, the levels of cytochrome c and Smac/Diablo in the cytoplasm were determined in the present study. As shown in Fig. 5 , DHA treatment markedly increased the levels of cytoplasmic cytochrome c and Smac/Diablo. This suggested that DHA induced the mitochondria to release cytochrome c and Smac/Diablo.
DHA increases the expression of death receptors.
Caspase-8 is involved in the death receptor-mediated apoptotic pathway. In the present study, DHA treatment increased the level of activated caspase-8; therefore, the levels of death receptors and membrane-bound death receptor ligands were determined. Following DHA intervention, the expression levels of Fas, DR4, and TRAIL were increased, whereas no significant changes in the expression levels of FasL or DR5were observed (Fig. 6) .
Discussion
In the present study, it was found that DHA, an n-3FA, resulted in the inhibition of cell viability and the induction of cell apoptosis. These results confirmed and extended earlier observations (21-23) on the antitumor effect of n-3 FAs.
The results of previous studies revealed that the antitumor effect of DHA is due to the induction of apoptosis (21) (22) (23) . There are also reports showing that EPA treatment of HL-60 cells induces the activation of caspase-3, -6, -8 and -9, and the release of cytochrome c from mitochondria (24) . In the present study, the results of the flow cytometry confirmed that DHA treatment induced apoptosis of the breast cancer cells.
The exact role of n-3 FAs in the development, progression and prevention of breast cancer remains to be fully elucidated. The n-3 FAs are involved in the development and progression of tumors via multiple mechanisms. Several signaling pathways are associated with carcinogenesis and tumor progression by n-3 polyunsaturated FAs. For example, n-3FAscan downregulate and inactivate cellular signaling mediators, including protein kinase C, ras, ERK1/2, and NF-κB (11) (12) (13) (14) . In addition, n-3 FAs can affect prostate inflammation and carcinogenesis via the cyclooxygenase (COX)-2 enzymatic pathway (25) . Kang et al (26) revealed that apoptosis was induced by DHA treatment in MCF-7 cells, and that DHA promoted the formation of reactive oxygen species (ROS) and activation of caspase-8. Previous studies have also suggested that DHA can improve the prognosis of patients with breast cancer following chemotherapy through increasing the formation of ROS (27) . Dimri et al (28) found that dietary n-3 FAs suppressed the expression of enhancer of zeste homologue 2 (EZH2), and downregulated the expression of E-cadherin and insulin-like growth factor binding protein 3, which are targets of EZH2 in breast cancer cells. The other possible mechanism was associated with the inhibitory effect of n-3 FAs on the expression of COX, the p21 gene and the p53 gene (29) . DHA and EPA have also been reported to downregulate cell surface expression of C-X-C chemokine receptor type 4 (CXCR4) and markedly decrease CXCR4-mediated cell migration in breast cells in vitro (30) . The exact molecular mechanism underlying this signaling remains to be fully elucidated. Previously, it was reported that the proteins of the Bcl-2 family may be important in n-3 FA-induced cell death. In the present study, data revealed that DHA at concentrations of 25-100 µM increased the expression of Bax but reduced the expression of Bcl-2, increased the release of cytochrome c and Smac/Diablo from mitochondria, promoted the activation of caspases, and increased the levels of Fas, DR4 and TRAIL in MCF-7 breast cancer cells. These results suggested that DHA activated caspases and induced apoptosis through the mitochondria-mediated and death receptor-mediated apoptotic pathways.
The results of the present study indicated that further investigations are required to determine whether the supplementation of dietary n-3 FAs has an inhibitory effect on tumor growth in patients with breast cancer.
